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Visualizing metal-ion-binding sites in group I introns by 
iron(H)-mediated Fenton reactions 
Christian Berens , l* Barbara Streicher*, Ren6e Schroeder* 
and Wolfgang Hillen’ 
Background: Most catalytic RNAs depend on divalent metal ions for folding 
and catalysis. A thorough structure-function analysis of catalytic RNA therefore 
requires the identification of the metal-ion-binding sites. Here, we probed the 
binding sites using Fenton chemistry, which makes use of the ability of Fez+ to 
functionally or structurally replace Mg 2+ at ion-binding sites and to generate 
short-lived and highly reactive hydroxyl radicals that can cleave nucleic acid and 
protein backbones in spatial proximity of these ion-binding sites. 
Results: Incubation of group I intron RNA with Fe2+, sodium ascorbate and 
hydrogen peroxide yields distinctly cleaved regions that occur only in the 
correctly folded RNA in the presence of Mg2+ and can be competed by 
additional Mg2+, suggesting that Fe*+ and Mg 2+ interact with the same sites. 
Cleaved regions in the catalytic core are conserved for three different group I 
introns, and there is good correlation between metal-ion-binding sites 
determined using our method and those determined using other techniques. In 
a model of the T4 phage-derived td intron, cleaved regions separated in the 
secondary structure come together in three-dimensional space to form several 
metal-ion-binding pockets. 
Conclusions: In contrast to structural probing with Fe2+/EDTA, cleavage with 
Fe2+ detects metal-ion-binding sites located primarily in the inside of the RNA. 
Essentially all metal-ion-binding pockets detected are formed by tertiary 
structure elements. Using this method, we confirmed proposed metal-ion- 
binding sites and identified new ones in group I intron RNAs. This approach 
should allow the localization of metal-ion-binding sites in RNAs of interest. 
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Introduction 
(Catalytic RNAs either require divalent cations for achiev- 
ing a stable tertiary structure and for catalysis or their 
activity is greatly enhanced by the presence of divalent 
metal ions. Although abundant data exist on the influence 
of divalent metal ions on the structure and acti\rity of 
RNA (for reviews, see [l-l]), only a few metal-ion- 
binding sites have been determined so far. The); have 
primarily been identified crystallographically [.5-Y], or 
using phosphorothioate substitution [lo-131, cleavage by 
various metal-hydroxyls [14-1X] or photocleavage with 
umnyl acetate [19]. Unfortunately, these approaches have 
certain disadvantages. To date, the structures of only a 
fe\v RNAs have been solved to high resolution using 
X-ray crystallography. Nuclear magnetic resonance (N’\lR) 
places size limits on the RNA to be analyzed and cannot 
detect hlg2+ ions. The photocleavage or chemical cleal,- 
age assays generate only a few cleaved sites. For example, 
Pb”+-mediated cleavage of group I intron RNA leads to 
just two cleavage sites [lb], although binding of at least. 
three Rig”+ ions is required to generate a protected thrcc- 
dimensional structure in an Fe’+/EDTA footprint [ZO]. It 
\\:ould, therefore. be of advantage to hare additional 
probes for metal-ion-binding sites. 
FeZi can scr\-e as such a probe. It is similar to hlg’+ both 
in size and coordination geometry [21], although the hard 
metal cation hlg’+ prefers oxygen ligands, whereas Fe’+, 
as a softer metal cation, prefers nitrogen ligands [22]. Fez+ 
would, thus, be expected to interact more strongly with 
the bases than X1$+. In the Fenton reaction, Fe’+ is oxi- 
dized in the presence of sodium ascorbate and hydrogen 
peroxide. thereby generating highly reactive hydroxyl 
radicals [23]. These diffusible agents can attack the 
ribose moiety. leading to cleavage of the nucleic acid 
backbone. The Fenton reaction has been widely 
employ-cd in studying DNA conformation [2-l,25], 
protein-nucleic acid footprinCng [26,27], DNA-drug 
interactions [2X,29], and tertiary structure determination 
and folding of catalytic RNAs [20,30]. The Fenton reac- 
tion has also been used successfully to map metal-ion- 
binding sites in proteins like Es/;lleridic/ cnli glutamine 
synthetase [31], pigeon liter malic enzyme [32]. and 
E. m/i RNA polymerase [M]. as \vell as in protein-ligand 
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complexes. such as pig heart khDP-specific isocitratc 
dehydrogenasc with isocitrate [?A]. Tnlo ‘I’et repressor 
and tetrac)-cline [?A], I;;. (n/i RNA polymerase \vith T7Al 
promoter DNA 1361, and the homing endonucleascs 
I-DwoI and I-PoA \vith their DKA substrates 1371. Free 
I;&+ has only rarely been used in RN,4 studies. Grosshans 
and (kch [?A] showed that Fe’+ is not catalytically active 
in group I intron splicing. IYang and Cech [39] observed 
specific F&+-mediated clea\,age sites \vhen the conccn- 
tration of Fe’+ exceeded that of the metal ion chelator, 
whereas Zhong and Kallenbach [-WI used it as a cationic 
probe for surface accessibility in tRKA and .5S rRNh 
tertiq structure. 
In this paper. we describe Fe’+-mediated RNA back- 
bone cleavage to identify nucleotide positions close to 
metal-ion-binding sites in group I introns, the strut- 
ttlrally and functionally best-characterized family of 
large catalytic RI\JAs. Group I introns contain a distinct 
inside and outside [Ml, the existing data on metal ions 
arc profound [-I,1 l,lh,41-1.51. detailed three-dimen- 
sional models ha1.e been reported for three of the four 
subgroups of group I introns [1X,46,47] and, recently, 
the qstal structure of the P&P6 domain of the Tmuhy 
NIYI/N tllp~wq?Ail~~ LSI’ intron \vas sol\~ed [X,13,4X]. \T:e 
she\\, that in the presence of Fez+ 1 sodium ascorbate and 
hydrogen peroxide. fi\-c distinct regions that arc con- 
ser\-cd in the M, sufl1: and Tu~~~~~~w~~o introns. are 
cleaved in the intron core. Additional clca\qy sites are 
also observed in the respectike peripheral elements. 
‘I’he majorit)- of the F&+-mediated cleavage signals 
detcctcd arc in the interior of the folded RN;-\. Cleaved 
regions, which are dispcrscd oI.cr the secondaq strut- 
ttire of the ‘1‘4 phage-derived & intron, come together in 
space to form several clear metal-ion-binding pockets in 
a three-dimensional model of the intron. ‘I-he cleaved 
nucleotides arc close to published metal-ion-binding 
sites [X,1 1,1.3,16.18]. 
Results and discussion 
Monitoring the correct fold of the RNA 
The native fold of the bacteriophage T-k-deriled to’L-7 
intron \vas monitored by Fe2+/EDT,L\ structure probing 
[X),49]. .A representative result is shown in Figure 1. 1l?th 
ML-7 RiXA denatured in the absence of hlg’+, cleawgc 
by Fe’+/EI)TA~ occurs fairI>- uniformly throughout the 
entire ~nolcc~~lc (Figure la. lane 9). with a less than 
twofold difference in cleavage intensity. In contrast, with 
intron RNA rcnatured in the presence of 3 m.\I hIg’+. 
cleavage in distinct regions is suppressed threefold to 
fourfold. to a maximum of sixfold (Figure la. lane 10). 
Comparison of these regions with the protected regions 
published by Heuer rt N/. [49] reveals a similar extent of 
protection from cleavage, and nearly identical protected 
regions (Figure lb). These var>- only by one or two 
nucleotides in length or position, despite the fact that the 
[protection maps \vcrc obtained under highly diffcrcnt 
renaturation and reaction conditions. The renaturation 
conditions \ve employed (3 m\l \Ig’+ and 400 yh1 sper- 
midine) arc sufficient to ensure that the riboz\me obtains 
a correctly folded tertiary structtIrc [SO]. ‘I’his is sup 
ported by the obser\,ation that. under our renaturation 
conditions, the MA-7 intron undergoes intramolecular 
cycliution (data not sholvn: see also [.,l]). a reaction 
requiring a correctly folded ribozvme [32]. \Ve found two 
additional protected regions in the I’7 extension (Figure 
1 b). 7’hey map to nwleotides C879-GXX.3 in 1,7.1 and 
nucleotides XX97-(XM in L7.2. ‘Ike nwlcotidcs in I,7.2 
are adjacent to the nuclcotides forming the 1’13 tertiary 
contact [53]. ‘I’he nucleotides in P9.2 that participate in 
this tertiq contilct had alread! been obscr\.cti to bc pro- 
tected from clea\ age by I’e2+/E11’I’A [-CO]. ‘I‘akcn 
together. these results demonstrate that the rcnaturcd 
riboqme is folded correctI\-. 
Fe2+ specifically cleaves native td intron RNA 
In the absence of EDTA or other chelators, Fe’- can 
replace \I,$+ in \I$+-binding sitcs in proteins and 
protein-ligand complexes [31-371. Reasoning that this 
might also be the cast for group I introns. \vt: end-labelled 
to%-7 RNh and incubated rcnaturcd RN.\ with 2.50 y\I 
Fe’+ and denatured RN.\ I\-ith 10 ~11 Fe’- to identif! 
F&+-mediated clea\,age sites. These concentrations of 
Fe’+ yielded about 70% full-length ribozyme (data not 
shonn). which should ensure only a single cut per mol- 
ecule [S-C]. ‘I’he results are shown in Figure la and lc. rI’hc 
controls without Fe?+ (Figure la, lanes 3, 4) shou that 
clcavagc is dcpcndcnt on the presence of Fez+. I;or the 
cleauge reaction with Fcl+, ten regions of differing clea\,- 
age intensity arc easily detected in the nati\,e RN.4 
(Figure la, lane 8). Strong cleauge sites map to J.i/-i. JO/7 
and J8/7. Clea\~~ge of intermediate strength is obscr\ui in 
J7.2/3 and Lc), whereas wcakcr sites are located in J4i.5. 
1,621, P7.1, P9.1 and L9.Z. Clcavcd regions span betu,een 
one (L9. L9.2) and ten (IA%, Jh/7) nuclcotides, with a 
man of about fi1.c nuclcotidec. The denatured RNA 
(Figure la. lane 7) has no reproducible cleavage situ (data 
not shoIvn). The nucleotides clcal~d wcrc identified b) 
comparison with an RNase ‘1’1 scclucncing reaction and an 
alkaline hydroll.sis ladder (see below). Hydroxyl radical 
clea\.age of a nuclcotide results in cleavage at the ribose, 
lading to elimination of the nucleoside [2X]. A4 signal in 
the Fe’+ cleaugc lane therefore corresponds to cleav;lgc 
of the nucleotidc at its 3’ side. I\‘c obscr\wl no bias for 
cleawge at any base; all four bases u.ere cleaved to an 
equal extent, \Yith respect to the secondary- structure ele- 
ments. nucleotidcs in loops are clcavcd to the same cxtcnt 
as the), are prcscnt in the riboz)mc (18%‘). Nucleotides in 
paired regions arc clewed less frequently (42%) than the); 
are present in the RNA (SY’%) and nucleotidcs in junctions 
are cleaved to a higher degree (40%) than their presence 
in the intron (33% ). 
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Figure 1 
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Mapping of the Fez+ cleavage sites in the td RNA. (a) Autoradiogram (c) the Fe*+ cleavage reactions. The polyacrylamide gel shown in (a) 
of a 6% denaturing polyacrylamide gel with 5’ end-labelled tdL-7 RNA was quantitated in a phosphorimager. Nucleotide positions in the td 
cleaved by either 10 pM (lane 7) or 250 pM Fe*+ (lane a), or by 
250 pM Fe*+/500 PM EDTA (lanes 9, 10). Controls with untreated 
RNA (lanes 1, 2) and in which Fez+ was omitted (lanes 3, 4) are also 
shown. The respective final concentrations of Mg*+ in the reaction 
tubes, as well as the presence (+) or absence (-) of Fe*+, sodium 
ascorbate (tenfold molar excess over Fe*+), and hydrogen peroxide 
(tenfold molar excess over Fe*+) are shown above each lane. The td 
secondary structure elements cleaved by Fe*+ are marked on the right 
Sequencing markers are: AH (alkaline hydrolysis) and G (Tl ladder). 
Lanes 1, 3, 7 and 9 contain denatured, lanes 2, 4, 8 and 10 renatured 
intron RNA. Quantitatton of (b) the Fe*+/EDTA cleavage reactions and 
RNA are given on the x axis and secondary structure elements that are 
either (b) protected from cleavage by Fe*+/EDTA or that are (c) 
cleaved by Fe*+ are highlighted. The Fe*+/EDTA panel in (b) shows the 
difference between cleavage in the presence of 3 mM Mg*+ and 
cleavage in the absence of Mg *+. Valleys or troughs denote regions of 
protection, whereas peaks correspond to regions of cleavage. For 
comparison, the protected regions determined by Heuer et a/. [49] are 
included as filled boxes in the panel. Additional protected regions that 
were not identified by Heuer et al. [49] are shown by filled arrows and 
the secondary structure elements in which they are located. PSL, 
photo-stimulated luminescence. 
Mgz+ competes with Fe*+ for cleavage sites 
Site-specific cleavage of RNA by divalent metal ions, 
such as Pb’+, CY?+, and SrL+ ,‘ L 3 is strongly- influenced by the 
concentration of hlg?+. High concentrations of hlg’+ dis- 
place these ions from the clea\-age sites, indicating com- 
petition for the same or overlapping binding sites 
[5,16-l&55-57]. To determine if the Fe’+-mediated 
cleavage sites are also competed for by ,\I$+, cleavage of 
natice ML-7 RNA was performed with increasing 
amounts of \IgCIz. The hlg” concentrations emplo)-ed 
should haI-e no or only a slight effect on the efficiency of 
the Fenton reaction [58..59]. The results obtained are 
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Figure 2 
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Chem 
Mg*+-competit ion of Fe*+-cleavage in native td RNA. Autoradiogram of 
a 6% denaturing polyacrylamide gel with 5’ end-labelled renatured 
tdL-7 RNA treated with 250 FM Fez+ and increasing amounts of Mg2+. 
Controls with untreated RNA (lanes 1, 2) and in which Fe*+ was 
omitted (lanes 3, 4) were also included. The respective final 
concentrations of Mg 2+ in the reaction tubes (lanes 7-l 8), as well as 
the presence (+) or absence (-) of Fe*+, 2.5 m M  sodium ascorbate 
and 2.5 m M  hydrogen peroxide are displayed above each lane. The td 
secondary structure elements cleaved by Fe*+ are marked on the right. 
Sequencing markers are AH (alkaline hydrolysis) and G (Tl ladder). 
shown in Figure 2. The extent of cleavage by Fe?+ is 
reduced for all cleavage sites and reaches a minimum 
plateau at 30-30 mhl hlgCll, indicating that borh metal 
ions compete for identical or overlapping binding sites. 
This corresponds to the data obtained for Pb’+-mediated 
cleavage of trl[16] and RNase P RNA [17], in which onl) 
residual cleavage by Pb’+ ~.as observed in the presence of 
more than 30 mXI hlgCI,. Quantitaiion using phospho- 
rimager analysis shows that the reduction of cleavage is 
most pronounced for the strongest sites in the regions 
JS/4 and Jh/7 with an approximately tenfold reduction in 
signal strength. The competition is weaker at the cleav- 
age sites in J7.2/3 and JX/7 and least for those in L6a and 
P7.1 with sixfold and threefold reductions, respectively. 
Zhong and Kallenbach [40] used F&+ as a cationic surface 
probe for RNA tertiary structure. ITsing their reaction 
conditions, the ratio of Fe’+ to hlg’+ T~XS 1:7() Lvhich 
would correspond roughly to the lane with 20 m;2l hlg’+ 
in Figure 2. ‘I’here, the Fe?+ cleavage signals are already 
quite weak, but can still be detected. Zhong and Kallen- 
bath [40] did observe positions uith strong cleavage b) 
Fe?+ in tRNA (one position) and SS rRNA (three posi- 
tions). The): are adjacent to or within regions protected 
from cleavage b>- Fe?+/EDTA and/or F&+/EDDA. In the 
tRNA. the strong Fe”+ clea\,age site is also clea\,ed by 
Pb” and is close to a metal-ion-binding site present in 
se\,eral crystal structures [S,.SS]. Two of the three sites in 
the SS rRNA arc cleaved by Pb’+ [hO] and might. thus, 
correspond to positions close to one or more metal-ion- 
binding site(s). 
Fez+ cleaves the same sites in the ribozyme cores of the 
sunY and Tetrahymena LSU introns 
To investigate if the Fe’+ cleavage sites are conser\,ed 
among group I introns, a-e also examined the baoterio- 
phage ‘I‘4derived su?zY intron, which, like tel. is a 
member of the IA2 group, and the Tetnu?ymttw the?.- 
mo@i/u LSIT intron which belongs to the ICl group [hl]. 
Figure 3 shows the results obtained bvith both introns. 
‘I-heir Fe’+/EDTA footprints (lanes 11 and 12 in 
Figure 3a and 3b) are very similar to those published pre- 
\.iously [20,30,49,62]. The additional protection sites 
observed in I,7.1 and L7.2 of the mintron are present in 
the .wnY intron and are slightly more pronounced. In the 
Il&~~yrrre~e ribozyme, \ve obser\-ed no sites protected 
from Fe’+/EDTA cleavage other than those already 
published [39]. 
For .wnY, the F&+-cleavage sites are also conserved. This 
becomes clear by comparing the exact nucleotides cleaved 
in fd (shown in Figure 4) with those cleaved in strrt? 
(Figure 5). Except for J4/S and LS, all regions cleaved in 
the mL-7 RN.4 are cleaved in .wnYL-13. although the 
extent and intensity of cleavage vary (compare Lha and 
JS/4 in Figures la and .~a). In general, the extent of Fe’+- 
mediated cleat age is similar to that observed for tn. Cleav- 
age sites span from one (L9, P9.la. L9.2) to 12 nucleoGdes 
(L7.1). with a mean of four. Several additional cleavage 
sites are present in the P9 extension. 
The Fez+ clea\,age sites determined for the ‘I’e~~&menn 
ribozyme are shown in Figure 6. They span from one 
(many occasions) to nine (Jh/7) with a mean of only t\vo. 
The cleavage sites in the intron core are conserved. ‘I’he 
cleavage site in 1,6a is not present in the Tmuhymenu 
ribozyme. hlost of the other cleavage sites are in the 
P.Sabc extension. There arc five nucleotides cleaved in 
the A-rich bulge surrounding the two Illg’+-binding sites 
determined in the crystal structure of the ~~~~&wzencz 
P&P6 domain [8]. Phosphate oxygens from the cleaved 
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Figure 3 
Mapping of the Fe *+ cleavage sites in the 
sunY and in the Tetrahymena thermophda 
LSU RNAs. Autoradiograms of 6% denaturing 
polyacrylamide gels with 5’ end-labelled 
(a) sunYL-13 RNA and (b) Tehahymena 
L-21 RNA cleaved by 10 f.rM Fez+ (lanes 7, 
9), 250 uM Fe*+ (lane 8, 10) or by 250 I.IM 
Fez+/500 uM EDTA (lanes 1 1, 12). Controls 
with untreated RNA (lanes 1, 2) and in which 
Fe*+ was omitted (lanes 3, 4), as well as 
competition of Fez+ cleavage by 50 mM Mg*+ 
(lanes 9, 10) are also shown. The respective 
final concentrations of Mg*+ in the reaction 
tubes (lanes 7-l 2), as well as the presence 
(+) or absence (-) of Fe*+, sodium ascorbate 
(tenfold molar excess over Fe*+), and 
hydrogen peroxide (tenfold molar excess over 
Fe*+) are displayed above each lane. 
Renatured RNA is in lanes 2, 4, 8, 10 and 12, 
denatured RNA in lanes 1, 3, 7, 9 and 11. The 
sunYand Tetrabymena secondary structure 
elements cleaved by Fe*+ are marked on the 
right and the A-rich bulge in Tetrahymena as 
presented in Cate et al. [El is indicated by a 
bold capital A. Sequencing markers are AH 
(alkaline hydrolysis) and G (Tl ladder). 
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nucleotides Al84 and Al87 are directly coordinated to 
the Mg”+ ions [ 131. 
Fe2+-cleavage sites are located primarily in the RNA interior 
Figure 7 shows a comparison of the cleavage sites obtained 
using Fez+ and those obtained using Fe’+/EDTA. Most of 
the sites cleaved, except for those in L6a, are embedded in 
regions protected from cleavage by Fe’+/EDTA or border 
them (see also Figure 1). They are located in the interior of 
the RNA where one would expect them to be if the metal 
ions they reflect bury phosphate oxygens in the RNA inte- 
rior [13]. Figure 7 also shows the theoretical accessibility of 
the C4’ positions to FeZ+/EDTA in the three-dimensional 
model of the entire td intron [18]. It correlates very well 
with the experimentally determined accessibility to 
FeZ+/EDTA. The sole exception is in L7.1 in which we 
observe an additional protected region in the TV! RNA. The 
three-dimensional model is therefore a good starting point 
to search for metal-ion-binding sites in td. 
The Fe2+-cleavage sites come together in space to form 
pockets 
Figure 8a shows a stereoview of the three-dimensional 
model of the entire ta’ intron with the proposed binding 
sites for the metal ions A (yellow) and B (orange) in the 
catalytic core [18]. In this model, most of the cleavage 
sites determined for Fez+ come together in three-dimen- 
sional space to form several pockets where metal ions 
might be bound. These putative metal-ion-binding 
pockets are color-coded in Figure 4 and include cleavage 
sites corresponding to the metal-ion-binding sites A 
(yellow) and B (orange) [ 181, P5 and L9 (blue), close to 
the L9/P.5 tertiary contact [63], P6a and L6a (light green), 
P6 and J8/7 (purple), L7.1 and J7.2/3 (pink), P7.1 and 
57.U7.2 (dark blue), and also between J7.2/3 and J8/7 
(grey). The most striking observation is that, except for 
the cleavage sites in P6a and L6a and those in P7.1 and 
J7.117.2, and in J8/7, these pockets are formed by 
nucleotides that are widely separated in primary and 
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Figure 4 
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Fez+ cleavage sites in group I intron RNAs. 
Secondary structure of the T4 phage-derived 
td intron (from Streicher et al. [18]). The 
paired regions 1761 are marked and the splice 
sites are indicated by open arrows. 
Nucleotides belonging either to exon 
sequences or that were deleted from the 
5’ end of the intron are in lower case. 
Nucleotides in which Fez+-mediated cleavage 
of the RNA backbone is observed are shown 
with a filled arrowhead when only weak 
cleavage is detected at the site, by filled 
arrows at sites with intermediate cleavage 
intensity, and by bold, filled arrows at sites of 
strong cleavage. The color coding of the 
Fe*+-mediated cleavage sites represents 
putative metal-ion-binding pockets in the 
three-dimensional model of the intron [181. 
Cleavage sites that are close to each other in 
space and could, thus, form a metal-ion- 
binding pocket are shown in identical colors, 
whereas cleavage sites that could not be 
assigned to distinct binding pockets are 
shown in black. For cleavage sites in J8/7 that 
can be assigned simultaneously to two 
different binding pockets (orange/yellow or 
purple/grey), arrows are displayed for both 
pockets in their respective colors. 
secondary structure and, therefore, represent tertiary 
interactions. This is consistent with crystal structures 
[5,7,X,55] in which metal ions bridge separate RNA 
strands and the observation that, in the absence of hlg’+, 
the secondary structure of group I introns is mostI>- 
formed, while no, or only little, tertiary structure is present 
[20,64]. Figure 8b shows the catalytic core of the intron 
with the metal ions A and B as viewed from the substrate 
helix Pl. The C4’-atoms of the nucleotides cleaved by 
Fe?+ arc highlighted by cyan spheres. All strong cleavage 
sites, except G938, as well as the medium cleavage sites in 3 
J6/7, in J8/7, and in 57 are within 10 A of one of these ion 
positions. They nicely form pockets around each of the 
two metals. Two pockets for metal ions are formed b) 
residues from J8/7. l\lcConnell rf nl. [44] proposed 
recently that one or more high affinity metal-ion-binding 
sites, which they named ‘site 4’, might be located in J8/7. 
These metal ions are involved in retaining the Pl sub- 
strate helix in the catalytic core of the ribozyme. Residues 
in the 3’-half of JX/7 come close to Pl [61]; A302 in the 
Tetra&nena ribozyme interacts, for example, with the 
2’-hydroxyl of -3LJ in a substrate helix replacing Pl [65]. 
Mutation of residues A301-G303 to CGC in the T~-ahy 
menu ribdzyme results in a molecule that has all the prop- 
erties expected for a mutant impaired in the correct 
binding of the Pl helix [66]. In the presence of a substrate 
oligonucleotide, residues in JX/7 of the Tefrahymena 
ribozyme are protected from cleavage by Ca?+ [44] and 
from modification by DMS [65]. It is, therefore, tempting 
to speculate that the pockets formed with residues in JX/7 
might represent these site 3 ion-binding site(s). 
The Fez+ cleavage data correlate with phosphorothioate 
substitution, metal-hydroxyl cleavage and X-ray 
crystallography data 
Phosphorothioate substitution 
Phosphorothioate substitution of the pro-Rp oxygen in the 
7>r?i-l/t)‘mentz intron identified 37 positions leading to 
reductions in either 3’ splice site hydrolysis [41] or the rate 
of addition of the cofactor guanosine to the .5’-end of the 
intron [l 11. ‘hlanganese rescue’ identified 11 phosphates 
(5 to positions G201, A206, AZO7, Lr258, 11259, AZhl, 
G264, AZhX, LI30.5, A306 and A308) as coordination sites 
for divalent metal ions [ll]. Seven sites in phosphoroth- 
ioate-substituted 7’e~~~&)ne)/~ P&P6 domain RIKA dis- 
rupted folding as assayed by electrophoresis in native gels 
[13]. Six of these (5’ to positions Gl63, A171, A184, A186, 
Al87 and G188) coordinate Mg”+ ions in the P4-P6 crystal 
structure [8]. With the exception of AlX6, G201 and A268, 
nucleotides bordering all of these coordinating phosphates 
Figure 5 
Secondary structure of the T4 phage-derived 
sunY intron (from Cech et al. [771; modified 
because of the deletion of nucleotides 
U210-C990). The legend is as for Figure 4, 
except that the cleavage sites are not 
color coded. 
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are also cleaved by Fez+ (Figure 6). Cleavage sites for Fe’+ 
were also found for many of the other phosphorothioate 
interference sites, as can be seen in Figure 6. The correla- 
tion is good for cleavage sites in the P4-P6 domain and in 
the catalytic core. There are several phosphorothioate 
interference sites in the PZ extension and two in J9.la/9.1 
in which we find no Fez+-mediated cleavage sites. 
Metal-hydroxyl cleavage 
Cleavage of the td, sMnYand Tetrahynena introns with Pb’+ 
yielded conserved sites S’ to the bulged nucleotide in P7 
and U305 in J8/7 (numbering according to the Tetm/2?~mena 
intron), with additional minor sites in the szlnYintron (5’ to 
A306 in J8/7 and A308 in P7). Incubation of the m intron 
with CaZ+, Sr2+ and hln2+ resulted in core cleavage 5’ to 
LT940 in J8/7 (which corresponds to Ll305 in Te~~zhymmn) 
[16,18]. These nucleotides are all cleaved by Fe’+. 
X-ray crystallography 
Recently, the crystal structure of the P&P6 domain of 
the Tetra&mwa therm&& LX1 intron was solved 
[8,13,48]. Each of the two molecules in the asymmetric 
unit contains 12 hIg’+ ions and two cobalt hexammine 
ions in PSb and PSc. Five of the Mg2+ ions, located in the 
three-helix junction and the A-rich bulge. can be replaced 
by hln’+. The hlg’+ and cobalt hexammine ions detected 
are shown in Figure 9a, together with the C4’ positions of 
nucleotides cleaved by Fe?+. The abundance of hlg” ions 
found makes it clear that the assignment of Fez+ cleavage 
signals to metal-ion-binding pockets is not straightfor- 
ward. In Figure 6, all Fe”+-cleavage sites in the P4-P6 
domain that are within 10 A of a metal ion arc colored blue 
which co\-ers most of the cleavage sites obtained with 
Fe?+. Figure 9b shows the A-rich bulge. Fe?+-generated 
cleavage sites flank the two metal ions. The majority of 
clea\.age sites that are not in the proximity of a metal-ion- 
binding site are at the interface with the rest of the 
intron. Cleavage sites within JS/Sa that are not close to a 
Rig’+ ion, but are close to a phosphorothioatc interference 
site form a pocket in the RNA crystal structure. Another 
site of interest is the tetraloop and its receptor. Several 
residues participating in this tertiary contact are cleaved 
by Fe’+ and inspection of Figure 4 in Gate d N/. [8] shows 
a pocket that might accomodate a metal ion. \Ve would 
like to point out that the L9/PS tertiaq interaction in tcil 
also involves a GNRA tetraloop (see Figure 4). The 
metal-ion-binding sires in PS, bridging PS and PSa, and 
between PSb and P6a did not yield any Fe’+-mediated 
cleavage sites. The ions at these sites were not replaced 
by nlnz+ [13] which . according to the authors, co-uld have 
been due to the spermidine present in the crystallization 
medium. As our cleavage assay buffer also contains 
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Secondary structure of the Tefrahymena 
tbermophila LSU intron (from Cech et al. [77] 
and Cate et al. [a]). The legend is as for 
Figure 4, except that the cleavage sites are 
not color coded. Cleaved nucleotides in the 
P4-P6 domain (nucleotides Al 04-A261) 
with ribose C4’ atoms < 10 A away from a 
metal ion position in the crystal structure are 
indicated by blue arrows. Nucleotides in 
which the presence of a pro-Rip 
phosphorothioate leads to reduction 
in catalytic activity 11 1,411 or to loss of folding 
[13] are highlighted by filled green squares. 
spermidine, this might be a reason for the lack of cleavage 
sites at these metal-ion positions. Two metal-ion-binding 
sites were identified in the major groove of the RNA 
[48,67] and mapped to PSb and PSc. The metal ion bound 
in P5b contacts the guanines at positions 147 and 148 and 
comes close to the phosphate groups; we observe slightly 
shifted cleavage sites at positions 14X-150. In the PSc 
helix, a hydrated metal ion contacts phosphate oxygen 
atoms at positions 174 and 175. There arc no Fe’+-med- 
ated cleavages at these positions. This makes it clear that 
the identification of metal-ion-binding sites in the major 
groove will be difficult if only RNA backbone cleavage is 
assayed. Additional information on these binding pockets 
will have to come from Fe’+-dependent cleavage at the 
bases. Fe’+ can attack the bases of 2’-deoxynucleotides or 
single-stranded DNA leading to, among other damage 
products, base loss and ring opening, as has been shown 
for single-stranded DICA [68] and, in more detail, the 
deoxyguanosine and deoxycytosine families [69,70]. In 
analogy, Fenton cleavage of RiKA at the bases should also 
yield products that can be detected by aniline cleavage or 
primer extension. 
Ovcrnll, the correlation between the published data on 
metal-ion-binding sites in group I introns and our Fez+ 
cleavage data is very good, demonstrating that the method 
presented in this paper is capable of identifying a subset 
of metal-ion-binding sites in RNA. It should be generally 
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Figure 7 
Theoretical and experimental solvent 
accessibility of C4’ positions in the td intron 
model. The theoretical solvent accessibilities 
of the C4’ positions to Fe2+/EDTA were 
calculated by Eric Westhof and co-workers 
[18] for the entire td intron model with 
ACCESS [78] using a sphere radius of 2.8 a 
Nucleotides cleaved by Fe2+/EDTA 
experimentally are indicated by open circles 
and nucleotides protected from cleavage by 
Fe2+/EDTA by filled circles. Nucleotides 
cleaved by Fe2+ are shown as red circles, 
whereas nucleotides that are protected from 
cleavage by Fe*+/EDTA and cleaved by Fe?+ 
at the same time are shown as red triangles. 
The paired regions [76] are represented by 
Pn or Pn’ (5’ or 3’ strands of a pairing, 
respectively) at the top of the figure and are 
color coded as in Figure 8. 
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Figure 8 
Fe*+ cleavage sites in the bacteriophage 
T4-derived td intron. (a) Stereo drawing of a 
global view of the td intron. Only the RNA 
backbone is represented and the various 
subdomains are color-coded and indicated. 
The two metals ‘A’ and ‘B’ at the catalytic site 
are colored in yellow and orange, respectively. 
The Fez+-cleavage sites are indicated by cyan 
spheres, with the sphere size representing the 
extent of cleavage by Fe2+. The Pl P2 region 
is displayed in grey, the P6P4P5 region in 
green, the P8P3P7 region is shown in 
crimson and the P7 and P9 extelisions are in 
pink and purple, respectively. (b) Stereo 
drawing of a local view of the catalytic core of 
the td intron. The view is from Pl Paired 
regions are shown in blue/green (P4, P5, P6) 
or purple/pink (P7), joining regions (J5/4, 
J6/7, J8/7) are colored grey with their bases 
omitted for reasons of clarity. Metal ions and 
Fe2+ cleavage sites are shown as in (a), 
These drawings were produced using 
INSIGHT II (Biosym). 
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Figure 9 
Fe*+ cleavage sites in the P4-P6 domain of 
the Tetrahymena thermophila LSU group I 
intron. (a) Backbone representation of the two 
P4-P6 domain molecules in the asymmetric 
unit of the crystal structure (PDB code: 
1 GID). Several secondary structure elements 
are indicated on the side. The divalent metals 
identified in Cate et al. [8] are shown as 
yellow spheres, two cobalt hexammine sites 
[48] as grey ball and stick representations, 
and the Fe*+-cleavage sites as cyan spheres 
with the sphere size corresponding to the 
intensity of cleavage by Fe*+. (b) Stereo 
drawing of the A-rich bulge with the 
Fe*+-cleavage sites (cyan) and the two 
divalent metals (yellow) that coordinate the 
phosphate groups. The size of the spheres 
corresponds to the extent of cleavage by 
Fez+. The base pairs U135-A187 and 
Al 36-U182 are also shown. These drawings 
were produced using INSIGHT II (Biosym). 
applicable to RNAs requiring divalent metal ions for 
folding or activity or both. 
Significance 
A major challenge in studying catalytic RNA is to locate 
the structurally and functionally important divalent metal 
ions required for folding and/or catalysis. We applied a 
method commonly used for mapping metal-ion-binding 
sites in proteins and protein-l&and complexes to the 
well-characterized group I intron family of catalytic 
RNAs. The method is based on the observations that Fe2+ 
can replace Mg2+ structurally and/or functionally and that 
Fez+ can generate highly reactive and short-lived cleavage 
agents via the Fenton reaction. Cleavage by Fe2+ occurs 
in distinct regions of the group I intron RNA and is only 
observed with native RNA. It can be competed by Mg2+, 
indicating that both ions interact with the same or overlap- 
ping binding sites. In a three-dimensional model of the bac- 
teriophage T4-derived td intron, cleavage sites separated in 
the secondary structure come together in three-dimen- 
sional space to form metal-ion-binding pockets. There is 
very good agreement between nucleotides cleaved by Fe*+ 
and nucleotides close to metal ions determined using X-ray 
crystallography. This is also the case for positions in 
which phosphorothioate substitutions lead to reduced 
activity and for nucleotides cleaved by metal-hydroxyl 
groups. The method is therefore a tool to confirm pub- 
lished metal-ion-binding sites, as well as to detect new 
binding pockets for metal ions. It should, in principle, be 
applicable to all RNAs in which metal ions play an 
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important structural and/or functional role. By combin- 
ing the experimental data obtained from Fe2+-mediated 
cleavage, from phosphorothioate interference/‘manganese 
rescue’ experiments, and from metal-hydroxvl cleavage 
sites, with the existing three-dimensional models of cat- 
alytic RNAs, it should be possible to localize and model 
metal-ion-binding sites. This will increase our understand- 
ing of how metal ions assist RNAs in maintaining their 
native fold and performing catalysis. 
Material and methods 
Materials and general methods 
All chemicals were obtained from Boehringer Mannheim, Fluka, Merck, 
Roth or Sigma and were of the highest purity available. Enzymes for 
restriction, modification, or synthesis of DNA and RNA were obtained 
from New England Biolabs and Pharmacia. Manipulation of DNA and 5’ 
end-labelling of RNA were as described previously [71]. RNA was 
labelled at its 3’.end using [a32P]cordycepin and yeast poly(A) poly- 
merase (Amersham) [72]. Sequencing ladders were generated by 
limited hydrolysis with RNase Tl and NaHCO, [73]. 
Plasmids and preparation of RNA 
The plasmids containing the phage T4-derived tdL-7 and sunYL-13 
introns have been described previously [48]; the plasmid pBGST7 [74] 
was the source for the Tetrahymena tbermophila LSU intron. A ribozyme 
template lacking the first 21 nucleotides was generated by amplification 
in a standard PCR using the primers Tth5’L-21: 5’.TAATACGACT- 
CACTATAGGAGGGAAAAGTTATCAG-3’ and the Ml 3 sequencing 
primer #1212 (New England Biolabs). The conditions of the T7 run-off 
transcription (40 mM Tris-HCI, pH 8.0; 13 mM MgCI,; 40 mM NaCI; 
2 mM spermidine; 10 mM NTPs; 12.5 mM dithiothreitol; 50 ng/ul tem- 
plate DNA; 2.5 U/u1 T7 RNA polymerase; 4 h at 37°C) were adjusted, 
so that all three introns underwent self-catalyzed hydrolysis at their 
3’splice sites [75] producing the ribozymes used in the analyses. RNA 
was purified from 5%polyacrylamide (39:l acrylamide:bisacrylamide) 
gels containing 7 M  urea, visualized by UV shadowing or autoradiogra- 
phy, and eluted into 10 mM Tris-HCI, pH 8.0; 250 mM NaCI; 2 mM 
EDTA; 0.1 o/, SDS. After elution, the RNA was precipitated with ethanol, 
resuspended in bi-distilled water and stored at -20°C. 
Hydroxyl radical cleavage reactions 
The procedure described for Fe*+/EDTA cutting of DNA [58] was used 
for RNA cleavage with minor modifications, Hydroxyl radical cleavage 
experiments were repeated three to seven times with different RNA 
preparations. 
Fez+-mediated cleavage. For experiments with native RNA, 1 yl RNA (5 
pmol; approximately 50,000 cpm) was added to 1 ul 5 x native cleav- 
age buffer (1 x NCB: 25 mM Mops-KOH, pH 7.0; 3 mM MgCI,; 
400 uM spermidine; the 1 x cleavage buffer additionally included 
200 mM NaCl for the Tetrahymena LSU intron and 50 mM NH,CI for 
the sunY intron), incubated for 2 min at 56”C, followed by 3 min incu- 
bation at room temperature. 1 ul of 1.25 mM FeCI, was added to the 
reaction tube, mixed by centrifugation and incubated for 1 min before 
adding 1 ul 12.5 mM sodium ascorbate. After 1 min, 1 ul of 12.5 mM 
H,O, was added to initiate the reaction and rapidly mixed. The final 
concentrations were 250 uM for Fe*+ and 2.5 mM for both sodium 
ascorbate and hydrogen peroxide. 
In the Mg *+-competition experiments, MgCI, was added as a 5 x stock 
solution of the final Mgs+-concentration given in Figure 2 to the 
1.25 mM FeCI, solution. The Fe*+/Mg*+ mixture was then pipetted into 
the reaction tube and the cleavage reaction continued as above, 
For experiments with denatured RNA, 1 ul RNA (5 pmol; approxi- 
mately 50,000 cpm) was added to 1 ul 5 x denaturing cleavage buffer 
(1 x DCB: 25 mM Mops-KOH, pH 7.0), incubated for 2 min at 90” C 
and immediately placed on ice. The cleavage reaction was performed 
as with native RNA, only the final concentrations used were 10 uM for 
Fez+ and 100 uM for both sodium ascorbate and hydrogen peroxide. 
The cleavage reaction was stopped after 45 s by the addition of 1 ul 
1 M  thio-urea, 1 f.11 glycogen (10 ug/ul) and 30 ul ethanol. The RNA 
was precipitated, resuspended in gel loading buffer (7 M  urea; 0.01% 
bromophenol blue and xylenecyanol each) and electrophoresed in 
denaturing 6-8% polyacrylamide sequencing gels. The gels were dried 
and autoradiographed. Fe 2+-cleavage products were identified by 
visual inspection and then confirmed and quantified by phosphorimager 
analysis (Fuji, BAS2000; Molecular Dynamics). Strong, intermediate 
and weak cleavage sites were defined as having more than 500/o, 
between 25-50%, and 1 O-25% of the signal strength of the cleavage 
band with the maximum intensity. The typical background cleavage 
intensity was about 5% of the maximum cleavage intensity. 
Fe2+IEDTA cleavage. 1 ul RNA (5 pmol; approximately 50,000 cpm) 
was added either to 1 ul 6 x NCB and renatured (see above), or to 
1 ul 6 x DCB and denatured (see above). 1 ul each of 1.25 mM 
ammonium iron sulfate and 2.5 mM EDTA were added to the reac- 
tion tube, mixed by centrifugation and incubated for 1 min. To initiate 
the reaction, 1 ul each of 12.5 mM sodium ascorbate and 25 mM 
hydrogen peroxide were added and rapidly mixed. The reaction was 
stopped after 3 min by the addition of 1 ul 1 M  thio-urea, 10 ug glyco- 
gen and 30 ul ethanol. The RNA was precipitated and treated as 
above. Protected regions were first identified by visual inspection and 
then confirmed and quantified by phosphorimager analysis. 
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